Abstract
INTRODUCTION
The development of sensors in microflow-systems introduces new handling needs, particularly to remove particle contaminants and to enhance particle-detection at a sensor surface. In these low Reynolds number systems particle manipulation is dominated by laminar flow; thermal convection is minimal, and electrical forces are inconsistent in the variable conductivity environments of medical and microbiological cell suspensions. MHz frequency acoustic radiation forces however have been shown to be highly suitable for separating biological cells in microflowsystems (sub-wavelength chambers). While ultrasound cell disruptors operate by the violent production of bubbles by cavitation in the low ultrasound frequency range ~40 kHz, there is no cell damage at higher frequencies at medium to high power levels. The systems described here operate in the region of 3 MHz where cell damage is negligible and the chamber engineering tolerances are not as stringent as at higher frequencies.
Movement of Particles in Standing Waves
Radiation Forces and Streaming Particles in suspension within an acoustic standing wave experience radiation forces that drive them towards pressure nodes or antinodes. The radiation force F R on a spherical particle of volume V, density p , and compressibility p , suspended in a fluid of density f and compressibility f is given [1] by
where P 0 is the acoustic pressure amplitude of the acoustic field, is the wavelength in the suspending fluid and z is distance from a pressure node. The acoustic contrast factor , is given by
Most particles (including cells) in aqueous suspension have a positive contrast factor and hence are driven towards the pressure nodal plane. In addition to this primary radiation force, local variations in the energy density of the acoustic field lead to lateral forces which tend to move particles to specific regions of the nodal plane [2] . Further redistribution of the particles results from flow patterns within the fluid induced by the ultrasonic standing wave itself. Within fluid cavities of the order of a wavelength or less, microstreaming flow patterns, such as Rayleigh streaming, will dominate [3, 4] . Streaming will modify the positioning of particles within the standing wave and may also be used to mix fluids within a very low Reynolds number environment and to increase diffusion processes across cell boundaries within the field.
Standing Wave Node Positions
A significant amount of attention has been paid to resonators in which the fluid cavity is a half-wavelength in depth [5, 6] . This produces a classic rigid-rigid boundary mode with maximum pressure amplitude at the fluid boundaries and concentrates particles at the centre of the fluid. More recently it has been shown that resonators can be designed to have nodes at other positions within the fluid layer. If the reflector thickness is a half wavelength in thickness at a frequency for which the fluid layer is a quarter wavelength thick, the pressure node can be positioned at the fluid-solid boundary itself [7, 8] .
APPLICATIONS Clarification and Concentration
Sample in The half-wavelength chamber referred to above [5] has the potential for use in sample preparation for sensor systems. Figure 1 shows a continuous-flow laminar flow filter. A sample travels upwards through the chamber and a laminar flow profile develops as the fluid passes along the channel before entering the sound field. At about 3 MHz there is a single half wavelength in the 250µm water-filled chamber and the primary radiation force drives the particles towards the central node. Such a device can be used either:
to remove unwanted particles from the sample, providing a clarified, filtered sample without the need for barrier-filtration and the associated problems of filter clogging and barrier replacement to concentrate particles prior to analysis, providing a continuous flow alternative to a centrifuge Table 1 shows that these filters operate more efficiently with larger particles as expected from eqn 1 
Sensor Enhancement
In a flow-through sensing system using immuno-sensor surfaces for capturing cells, the sensitivity is limited by the fact that only the portion of the flow immediately adjacent to the surface is sampled effectively. However by using a quarter-wave chamber, particles within the fluid can be forced against the sensing surface. Hawkes et al. [9] have used such an approach to capture spores on an antibody coated surface resulting in a 200 fold increase in capture rate. Figure 2 shows spore adhesion across the boundary of the ultrasonic field. On the left of the slide, where spore capture is essentially diffusion limited and not assisted by the ultrasonic field, the capture rate is low. On the right, the capture is very significantly enhanced by the ultrasonic field. 
Particle Washing
Another aspect of sample preparation in which ultrasonic standing waves can play a rôle is that of cell washing, the transfer of cells from one liquid medium into another. It is a procedure required in many microbiology protocols. Figure 3 shows how this can be achieved using ultrasonic radiation forces in a flow-through system [10] . As is the case with the ultrasonic separator described above, it relies on the balance of a highly laminar flow profile and the 
Fluid Mixing
The applications described above have taken advantage of the highly laminar flow profiles associated with flow channels of this size. However in many microfluidic devices it is the lack of mixing due to the laminar flow which causes difficulties. These sub-wavelength chambers can also be used to induce mixing via acoustic streaming patterns. The device used to demonstrate cell washing was also used in the absence of cells to investigate the mixing of the two fluids. At a flow rate of 10.2ml min -1 only about 16% of the dye is transferred into the clear fluid. However when the transducer was driven at 41V (a higher input than used for cell washing but well below that required to induce either cavitation or thermal convective mixing) 58% of the dye was transferred into the clear fluid.
FABRICATION Microfabrication

Microfabricated Separator
The devices described so far are constructed of stainless steel, and glass using traditional fabrication techniques. For wider use in sensing systems ultrasonic standing wave chambers need to be fabricated using techniques allowing large batch production and materials compatible with emerging microfabricated technology. A microfabricated device similar in principle to the laminar flow filter of Hawkes and Coakley [5] is shown in Figure 5 . A silicon carrier layer was created using a double-sided alignment process and standard wet KOH etching leaving chamfers at the angle of 54.7°. The fluid chamber was then formed by etching a 1.7 mm thick Pyrex wafer to the desired depth of 240 µm. This was achieved with a 30 min etch in 48% buffered hydrofluoric acid using a chrome/gold mask (50 and 500 nm thick, respectively) and Shipley S1818 resist in order to minimize pinholes. The silicon and Pyrex wafer were then anodically bonded together.
Multimode Particle Manipulator
The operation of the microfabricated separator can be modified by selecting different etch depths for the fluid channel. Figure 6 [11] shows a microfabricated resonator mounted on an aluminum manifold, to allow easy connection of pipe work. This particular device has a fluid channel depth of 175 µm which has different resonances which position pressure nodes at a number of places within the fluid. Depending on the driving frequency it can move particles to the centre of the fluid, to the reflector boundary or to the carrier layer boundary. 
Transducer Fabrication
There is a significant difficulty with the fabrication, experimental repeatability and reliable modeling of these ultrasonic standing wave devices associated with the bonding of the piezoelectric transducer to the resonator. A number of configurations of thick-film PZT transducers have been examined in an attempt to replace the bulk ceramic with a transducer more suited to production in wafer-scale processes. It has been shown [12] that two and three layer thick film actuators can perform better than bulk PZT transducers structures, in terms of conversion efficiency of electrical to acoustic energy, when used as the drive elements for certain microsystems. Moreover, they offer a lower impedance than an equivalent bulk PZT device, making driving at lower voltages a possibility. The power output from a three layer structure is shown in Figure 7 and an ultrasonic resonator incorporating a thick-film drive is shown in Figure 8 . 
CONCLUSIONS
Successful proof of principle demonstrations have shown ultrasound standing waves are can be used convert the generic filtration washing and detection technologies found in a biology laboratory to microfluidic systems which will allow easy automation. However we consider that there is considerable scope for improvement to these systems particularly to the transfer of energy into the sample and in the control of lateral forces and streaming acting on the cells, these are subjects of ongoing work. The engineering obstacles have almost been defeated.
